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Neurotrophin-3 Is Required for Appropriate
Establishment of Thalamocortical Connections
Barde, 2000; Snider, 1994). In CNS, a complete picture
for neurotrophin function continues to emerge. Analysis
of neurotrophin and Trk family receptor null mice has
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tions at neonatal stages, suggesting a potential func-Kent Waldrep Foundation Center
for Basic Research on Nerve Growth and tional redundancy between TrkB and TrkC in promoting
the survival of subgroups of CNS neurons (MinichielloRegeneration
University of Texas Southwestern Medical Center and Klein, 1996). However, such insights are only partial
and have been hindered by the perinatal lethality of theDallas, Texas 75390
2 Department of Biological Sciences mutant mice (Liebl et al., 1997; Snider, 1994).
Experiments using slice cultures and gene transferStanford University
Stanford, California 94305 have demonstrated BDNF, TrkB, and NT-3 function in
regulating the arborization of pyramidal neuron den-
drites in visual cortical layers 4 and 6 (McAllister et al.,
1995, 1997). Additionally, in vitro and in vivo studiesSummary
suggest that BDNF is involved in the formation of hippo-
campal long-term potentiation (LTP) in the CA1–CA3In the vertebrate brain, the thalamus serves as a relay
and integration station for diverse neuronal informa- region, as well as in the regulation of eating behavior
(Kernie et al., 2000; Korte et al., 1995; Patterson et al.,tion en route from the periphery to the cortex. Forma-
tion of the thalamocortical tract occurs during pre- and 1996). Compared with BDNF, NT-3 seems to have a
minor and controversial role in hippocampal LTP (Kangpostnatal development, with distinct thalamic nuclei
projecting to specific cortical regions. The molecular and Schuman, 1995; Kokaia et al., 1998; Ma et al., 1999).
Both BDNF and NT-3 are expressed in the cerebralforces that underlie the invasion by axons into specific
cortical layers followed by activity-dependent matura- cortex during the critical period when thalamocortical
axons invade the cortical plate and establish layer-spe-tion of synapses are poorly understood. We show that
genetic ablation of neurotrophin-3 (NT-3) in the mouse cific synaptic connections with cortical neurons (Lein et
al., 2000; Vigers et al., 2000). Studies in cat visual cortexneocortex results in reduction of a set of anatomically
distinct axonal bundles projecting from thalamus have examined the role of these factors. Infusion of
the exogenous TrkB ligands BDNF or NT-4 inhibits thethrough cortical white matter. These bundles include
thalamocortical axons that normally establish connec- formation of ocular dominance columns, whereas infu-
sion of NGF or NT-3 has no effect (Cabelli et al., 1995).tions with retrosplenial and visual cortex, sites of early
postnatal NT-3 expression. These results implicate Similarly, blockade of TrkB signaling with TrkB-IgG in-
hibits formation of ocular dominance columns, whileneurotrophins in the critical stage of precise thalamo-
cortical connections. TrkA-IgG or TrkC-IgG had no effect (Cabelli et al., 1997).
However, the specific expression of NT-3 in layer 4 of
cat visual cortex, both before and during the criticalIntroduction
period of thalamocortical synapse formation (Lein et al.,
2000), makes this neurotrophin an attractive candidateThe thalamocortical tract is the major relay pathway for
peripheral sensory information to reach the cortex. In to regulate early stages in the development of connec-
tions between thalamocortical axons and target corticalmice, dorsal thalamic neurons are generated between
E10 and E13 (Angevine, 1970), and the first thalamocorti- neurons.
In the mouse, application of Cre/loxP gene targetingcal axons reach the neocortex by E14 (Bicknese et al.,
1994; Metin and Godement, 1996). Upon reaching the technology to the neurotrophins has permitted selective
study of function beyond that of their well-establishedsubplate, thalamocortical axons grow tangentially and
pause before invading the cortical plate (Kostovic and developmental roles (Bates et al., 1999; Xu et al., 2000).
To further understand the function of NT-3 in the CNS,Rakic, 1990; Shatz, 1992: Catalano et al., 1991). The
molecular interactions taking place at the subplate and we have generated conditional mouse models in which
NT-3 is completely deleted in the cerebral cortex. Weneocortex that enable thalamocortical axons to invade
the cortical plate, target precise neuronal layers, and find that the development of a specific group of thalamo-
cortical axons is disrupted in these mice. Our resultsreinforce synaptic contacts in an activity dependent
manner, are not well defined. provide evidence for a novel target-derived function of
NT-3 in the establishment of synaptic interactions be-The neurotrophins exert numerous important func-
tions in the development and maintenance of both the tween thalamic axons and cortical neurons.
peripheral and central nervous systems (Bibel and
Barde, 2000; Patapoutian and Reichardt, 2001; Snider, Results
1994). Their roles in the PNS, as survival and differentia-
tion factors, have been well established (Bibel and Ablation of NT-3 in Cortex
It has been documented that NT-3 transcripts and pro-
teins are present at high levels in the CNS from E17 until3 Correspondence: luis.parada@utsouthwestern.edu
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Figure 1. Cre-Mediated Recombination and
Cortical Ablation of NT-3
The pattern of Cre-mediated recombination
in Foxg1-Cre mice in the P0 (A) and adult (B)
brains was revealed by crossing animals to
a ROSA-26 reporter mouse. -galactosidase
is expressed only after Cre-mediated recom-
bination. (C) Southern blot and (D) RNase pro-
tection assay of different regions of adult
brain with indicated genotypes show that
the NT-3flox allele is completely deleted,
and NT-3 mRNA is totally absent in cortex
and hippocampus. Southern blot (C) of
two NT3flox;Foxg1-Cre mice (labeled flox/
flox;Foxg1-Cre [1] and [2]) showing complete
deletion of the NT-3flox allele in cortical DNA.
Cre activity is also present in the cerebellum
of NT3flox/flox;Foxg1-Cre mice.
adulthood in the rodent cerebral cortex, hippocampus, mice to a ROSA-26 -galactosidase reporter mouse
strain (Soriano, 1999). X-gal staining of resulting P0 andand cerebellum (Maisonpierre et al., 1990; Zhou and
Rush, 1994). Analysis of a mouse strain in which lacZ adult progeny verified that Foxg1-Cre-mediated loxP
recombination was strongest in forebrain and cerebel-was targeted to the NT-3 locus has demonstrated that
NT-3 expression is abundant in specific cortical subre- lum, with some activity in midbrain (Figures 1A and 1B).
Genomic Southern blot analysis of NT3flox/flox;Foxg1-Cregions from P0 until early adulthood (8 weeks), where-
upon it is greatly reduced (Vigers et al., 2000). The coinci- mice confirmed the LacZ analysis, demonstrating dele-
tion of the NT-3 coding exon in cerebral cortex anddence of NT-3 cortical expression during the critical
period for the formation of thalamocortical projections hippocampus (Figure 1C, flox/flox;Foxg1-Cre). Finally,
sensitive RNase protection assays corroborated thesuggests a potential role in this process (Lein et al.,
2000; Vigers et al., 2000). NT-3 knockout mice die perina- absence of NT-3 transcripts in adult forebrain of
NT3flox/flox;Foxg1-Cre mice (Figure 1D).tally due to peripheral nervous system defects (Ernfors
et al., 1994; Tessarollo et al., 1994). To enable study We conclude that NT3flox/flox;Foxg1-Cre mice lack NT-3
expression in cerebral cortex. The genomic configura-of NT-3 function beyond this period, we generated a
“conditional mutant” mouse strain in which the single tion of the Foxg1-Cre mice, generated by the knock in
of Cre into the endogenous Foxg1 locus, renders onecoding exon of NT-3 is flanked by bacteriophage P1
loxP sites. This NT-3 allele, NT-3flox, is labile in vivo to allele of the Foxg1 gene null. Therefore, in all studies
described here, we include the Foxg1-Cre transgene inCre recombinase-specific deletion (Ma et al., 1999).
We crossed NT-3flox/flox mice with Foxg1-Cre mice, in either wild-type or heterozygous (NT3flox/) background
as littermate controls.which the Cre recombinase has been targeted to the
endogenous Foxg1 locus (Hebert and McConnell, 2000).
The expression of the Foxg1-Cre transgene has been
well characterized and demonstrated to be present in Abnormal Cortical White Matter in Mutant Mice
Ablation of NT-3 from the cortex and hippocampus didembryonic telencephalon beginning at E9 (Hebert and
McConnell, 2000). Thus, Cre-mediated loxP recombina- not affect survival or cause overt behavioral changes.
Analysis of adult whole-brain sections using various his-tion is expected to efficiently disrupt the NT-3 gene in
all cells (neurons and glia) derived from the embryonic tological methods, including H&E, Nissl, DAPI, and neu-
ron-specific antibody immunostaining, indicated notelencephalon. To confirm the scope of Cre activity in
the postnatal brain of Foxg1-Cre mice, we crossed these detectable morphological changes (see Supplemental
Thalamocortical Projections Require NT-3
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Figure 2. Reduction of Axonal Bundles in Cortical White Matter of NT3flox/flox;Foxg1-Cre Mice
Low (A and A) and high (B–C) magnification of sagittal sections through the adult brain stained with Luxol Fast Blue and Nissl show that a
major group of axonal bundles in the cortical white matter, normally present in control mice (B and C, arrows), is missing in NT-3flox/flox;Foxg1-
Cre mice (B and C, arrows). Higher magnification pictures of the axonal bundles are shown in D (control) and D (mutant), showing that
axonal bundles marked by a red star (D) in control are missing in mutant (D). MBP (E and E, sagittal) and Neurofilament-200 (NF-200) (F and
F, coronal) immunostaining of subcortical white matter. n  6 for control and mutant mice
Figure S1 at http://www.neuron.org/cgi/content/full/36/ sence of the axon bundles and not merely of the myelin
ensheathing glia.4/623/DC1).
We next examined whether axonal projections ema- To independently assess the phenotype observed by
Foxg1-Cre-mediated ablation of NT-3, we utilized a sec-nating from, or invading, the cortex might be affected.
These include projections from cortex: to spinal cord ond transgenic line in which the Cre transgene was
placed under control of the GFAP promoter. The GFAP(corticospinal tracts); to thalamus (corticothalamic
tracts); to ipsilateral and contralateral cortex (corticocor- promoter drives expression in several neuroepithelial
regions including telencephalon and thus intersects withtical tracts); and projections from the thalamus to cortex
(thalamocortical tracts). To visualize the major axonal Foxg1-Cre in telencephalic-derived structures (L.M., Y.
Zhu, A. Messing, and L.F.P., unpublished data; Zhuo etfibers for these various projections in the subcortical
region, we employed Luxol Fast Blue to highlight myelin al., 2001). The broad ablation of NT-3 in the CNS, includ-
ing the cortex, resulted in loss of the same specificand thus, axonal bundles. Compared to littermate con-
trols, the pattern of major CNS axonal fibers is similar subcortical tract as assessed by Luxol Fast Blue, MBP,
and NF200 staining (see Supplemental Figure S2 atin NT3flox/flox;Foxg1-Cre mice (n  6; Figures 2A and 2A).
However, close examination of the cortical white mat- http://www.neuron.org/cgi/content/full/36/4/623/DC1,
and data not shown). Taken together, the data demon-ter revealed a persistent alteration in the tracts of
NT3flox/flox;Foxg1-Cre mice. As illustrated in Figures 2B– strate that cortical loss of NT-3 during embryogenesis
results in a reduction of anatomically distinct axonal2D, three anatomically distinct myelin bundles can be
discerned beneath the cortex of control mice. bundles in subcortical white matter.
In addition to the cortical relays described above,NT3flox/flox;Foxg1-Cre mice have only two white matter
bundles (Figures 2B and 2C), and higher magnification the subcortical white matter also contains axons of the
corpus callosum and cingulate bundle. Histological ex-suggests that the middle bundle (Figure 2D, red star) is
greatly reduced in the mutant white matter (Figure 2D). amination of the corpus callosum revealed no significant
differences between control and mutant mice. We alsoAntibodies against myelin basic protein confirmed the
reduction in myelin bundles (MBP; Figures 2E and 2E). examined the cingulum, a collection of axonal fibers
connecting frontal and parietal cortices with parahippo-To determine whether axons were present in the ab-
sence of myelination, a neurofilament antibody was em- campal and adjacent temporal cortices (Carpenter,
1985), and found it to be unaffected in mutant mice (seeployed (NF200; Figures 2F and 2F). The combination of
myelin and axon detection methods confirms the ab- Supplemental Figure S2 at http://www.neuron.org/cgi/
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Figure 3. Reduction in Axonal Projections
between Cortex and Thalamus in Mutant
Mice
Low (A and B) and high (C and D) magnifica-
tion of saturating DiI application to thalamus
of adult mice. The control cortical white mat-
ter ([C], arrows) has greater number of axonal
bundles labeled by DiI compared to mutant
mice ([D], arrows). This area of missing axonal
bundles occupies the same position as the
MBP-positive (green) axonal bundles ([E], for
control, arrows), which are missing in mutant
mice ([F], arrows). ([E and F], red) Calbindin
immunostaining defines the CA3 region of the
hippocampus. n  5 for control and n  4 for
mutant mice.
content/full/36/4/623/DC1). Thus, mutant corticocorti- we retrogradely labeled thalamic neurons by injecting
BDA into two cortical regions that exhibit high-level NT-3cal connections do not exhibit overt morphological alter-
ations and leave the cortico-subcortical and thalamo- expression during early postnatal development: retro-
splenial cortex (Figures 4A and 4A) and visual cortexcortical projections as remaining candidates to be
affected by loss of cortical NT-3. (Figures 4F and 4F) (Lein et al., 2000; Vigers et al., 2000).
As described below, deficiencies in thalamic projections
to these two cortical regions were found.Thalamocortical Projection Defects
To test the hypothesis that the missing cortical white Retrosplenial Cortex
The major thalamic nuclei projecting to retrosplenial cor-matter axonal bundles in both strains of NT-3 cortical
mutant mice (NT3flox/flox;Foxg1-Cre and NT3flox/flox;GFAP- tex are the anterodorsal (AD), anteroventral (AV), ante-
romedial (AM), and laterodorsal (LD) nuclei (Shibata,Cre) consist of cortico-subcortical and/or thalamocorti-
cal axons, we used the lipophilic tracer DiI as an antero- 1993, 1998, 2000; Sripanidkulchai and Wyss, 1986; Van
Groen and Wyss, 1995). Following BDA injections intograde and retrograde tracer (Figures 3A and 3B). Com-
parison of cortical white matter traced with DiI placed retrosplenial cortex, the labeling of anterodorsal and
anteromedial nuclei neurons by BDA was similar in con-in the thalamus from control (n  5) and mutant (n  4)
brains revealed a reduction of labeled white matter in trol and mutant mice (n  4; Figures 4B, 4B, and 4C,
and “AD” and “AM” in 4C). In contrast, mutant micemutant brains (Figures 3C and arrows in 3D). The region
in which DiI labeling is absent in the mutant brain coin- showed a dramatic reduction in the labeling of neurons
in the dorsal region of the anteroventral nucleus whichcides with the previously identified intermediate subcor-
tical axonal bundle that is absent in mutants (compare was devoid of label (compare Figures 4B and 4C, “AV”,
with 4B and 4C, “AV”). Similarly, the laterodorsal nucleusFigures 3C and 3D, red, to 3E and 3F, green). These
results suggest that the missing white matter tract in of mutant mice showed a considerable reduction in la-
beling (Figures 4D and 4D). Control mice show denseNT3flox/flox;Foxg1-Cre and NT3flox/flox;GFAP-Cre mice is
composed primarily of axons projecting between the and strong BDA labeling (Figures 4D, “LD,” and 4E) while
only a few labeled neurons could be found in the latero-cortex and the thalamus.
To examine the status of thalamocortical projections, dorsal nucleus of mutant mice (Figure 4D, “LD,” and
Thalamocortical Projections Require NT-3
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Figure 4. Specific Thalamocortical Projections to the Target Cortex Are Dramatically Reduced
(A and A) BDA injection site in the retrosplenial cortex in control and mutant mice, respectively. Low (B) and high (C) magnifications of anterior
nuclei in control mice indicating normal labeling of neurons in AD, AV, and AM nuclei. Low (B) and high (C) magnifications of mutant anterior
nuclei demonstrating normal AD and AM but abnormal AV labeling. Mutant mice (D and E) have dramatically reduced labeling in LD nucleus
compared with control mice (D and E). BDA injection sites in the visual cortex of control and mutant mice (F and F), respectively. Low and
high magnification of retrogradely labeled LGN neurons in control mice (G and H) and mutant mice (G and H). Neuronal density within an
80 m diameter circle placed in the center of the labeling field (I). AD, anterodorsal nucleus; AV, anteroventral nucleus; AM, anteromedial
nucleus; LD, laterodorsal nucleus; LGN, lateral geniculate nucleus; RSA, retrosplenial cortex agranular; RSG, retrosplenial cortex granular;
VC, visual cortex. n  4 for control and mutant littermates.
4E). These data indicate that a subset of thalamic pro- Compared with control mice, a 28% reduction of labeled
neurons was found in mutant mice (n  4). (Figure 4I,jections to the retrosplenial cortex is reduced in mice
that lack cortical NT-3 expression. p  0.01). These data indicate that loss of NT-3 causes
reduction in thalamocortical projections to the visualVisual Cortex
We next placed BDA injections into the visual cortex cortex.
Reduction in number of lateral geniculate nucleus pro-and examined retrogradely labeled neurons in the lateral
geniculate nucleus (LGN) (Figures 4F and 4F). Signifi- jections to visual cortex (Figures 4F–4I) and anteroven-
tral and laterodorsal nuclei projections to retrosplenialcantly reduced numbers of labeled neuronal somata
were identified in mutant mice (Figures 4G and 4H). cortex should produce a concomitant reduction in the
Neuron
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Figure 5. Reduced Geniculocortical Projection Demonstrated with [3H]-Proline Transneuronal Tracer
Control (A) and mutant (A) visual cortex transneuronally labeled with [3H]-proline injected into one eye of P40 mice. LGN, pretectum (B and
B), and superior colliculus of control and mutant mice (C and C) indicating equivalent amount of labeling by [3H]-proline. (D) Semiquantification
of [3H]-proline signal in visual cortex of control and mutant mice. LGN, lateral geniculate nucleus; PT, pretectum; SC, superior colliculus. n  3
for control and mutants.
number of synapses and in cortical synaptic activity. cortex results in a reduction of synaptic input from the
thalamus to specific regions and is not associated withConsistent with this prediction, the retrosplenial and
visual cortices of adult mutant mice showed reductions loss of thalamic neurons.
We also examined the status of corticothalamic andin cytochrome oxidase activity (Wong-Riley, 1989) (see
Supplemental Figure S4 at http://www.neuron.org/cgi/ corticospinal projections in the mutant mice, and no
qualitatively discernible deficiencies were observed incontent/full/36/4/623/DC1). We next examined the den-
sity of thalamocortical synapses in visual cortex by these tracts (see Supplemental Figure S3 at http://
www.neuron.org/cgi/content/full/36/4/623/DC1).transneuronal labeling following application of [3H]-pro-
line to the retinas of 40-day-old mice (Grafstein, 1971;
Reinis and Goldman, 1984). The radiolabeled amino acid Neonatal Defects in Thalamocortical Projections
Analysis of NT-3 expression in a -galactosidaseis anterogradely projected from retinal ganglion cells to
the pretectum, lateral geniculate nucleus, and to supe- knockin mouse indicates that NT-3 is specifically ex-
pressed in layers 2 and 3 of the P8 retrosplenial cortexrior colliculus. In lateral geniculate nucleus, the amino
acid is secreted and taken up by dendrites of thalamic and layer 4 of the visual cortex (data not shown) (Wilkin-
son et al., 1996; Vigers et al., 2000). To investigate ifneurons, which then anterogradely transport the labeled
molecule to the visual cortex. Comparison of control and the thalamocortical projection defects observed in the
mutant mice resulted from embryonic or postnatal ab-mutant mice (n  3) indicates equally efficient labeling
of lateral geniculate nucleus, pretectum, and superior normalities, we applied DiI to the thalamus of mutant
and control pups at various time points between P0colliculus (Figures 5B–5C). However, examination of the
visual cortex reproducibly demonstrated a substantial and P10. At P0, thalamocortical axons in rodents have
reached the subplate and the earliest invasion of so-reduction of label in mutant brains (Figures 5A and 5A).
Comparison of the relative digital intensity indicates a matosensory cortex layer 4 commences (Auladell et al.,
2000; Catalano et al., 1991). We found normal develop-30% reduction of [3H]-proline signal in mutant visual
cortex (Figure 5D; p  0.05; see Experimental Proce- ment in mutant thalamocotical projections, showing ap-
propriate arrival in subplate and early invasion of thedures).
To determine if thalamocortical projections from ven- somatosensory cortex (Figures 6A1–6A2, and data not
shown for other cortical regions). Thus, prior to P0, abla-tral posterior nucleus to somatosensory cortex are af-
fected in mutant mice, we injected BDA into somatosen- tion of NT-3 in the CNS has no apparent effect on the
formation of thalamocortical projections.sory cortex and retrogradely labeled ventral posterior
thalamic nucleus. Ventral posterior thalamic neurons At P3, neither control (n  3) nor mutant (n  1) thala-
mocortical axons have reached the subplate of retro-from mutant and control mice were similarly labeled (n
4; data not shown). Consistent with absence of NT-3 splenial cortex (Figures 6B1 and 6B1, arrowheads)
while invasion of the visual cortex has commenced. Inexpression during early postnatal periods, loss of corti-
cal NT-3 has no discernible effect on thalamocortical both control and mutant mice (Figures 6B2 and 6B2)
thalamocortical axons are present at the cortical sub-projections into somatosensory cortex.
To determine whether reduction of thalamocortical plate. Control mice exhibit clear projection of collaterals
into the cortical plate (Figure 6B2, arrows), while mutantprojections coincided with loss of thalamic neurons, we
performed histological examination (Nissl stain): in situ mice show reduced collateral branching from axons that
extend into the visual cortical plate (Figure 6B2, arrows).hybridization using a trkC probe; parvalbumin, calbindin,
GABA, and glutamate immunohistochemistry; and cyto- Thus, NT-3-dependent deficiencies are discernible in
visual cortex as early as P3.chrome oxidase activity histochemistry of mutant brains
(data not shown). No differences between control and At P5, thalamocortical axons have reached the sub-
plate of retrosplenial cortex (Figures 6C1 and 6C1, redmutant thalamic nuclei were observed. Thus, in adult
mice, absence of NT-3 in the retrosplenial and visual arrowheads). Control mice exhibit robust collateral inva-
Thalamocortical Projections Require NT-3
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Figure 6. DiI Tracing Indicates Defective Thalamocortical Projection in Neonatal Mutant Mice
(A1–A2) Low- and high-magnification images of DiI tracing from thalamus of P0 mouse brains indicating similar thalamocortical projections
between control (n  5) and mutant (n  5) mice, respectively.
(B1 and B1) P3 control (n  3) and mutant (n  1) retrosplenial cortex showing absence of thalamocortical axons in the subplate (dark
arrowheads).
(B2 and B2) P3 control (n  3) and mutant (n  1) visual cortex showing normal initial collateral invasion into the cortical plate in control
mice ([B2], arrows) but failed invasion of collaterals in mutant ([B2], arrows).
(C1 and C1) P5 control (n  2) and mutant (n  2) retrosplenial cortex showing extensive collateral invasion in control mice ([C1], arrows)
but significantly reduced invasion in mutant mice ([C1], arrows). Notice both control ([C1], red arrowheads) and mutant ([C1], red arrowheads)
have accumulated thalamocortical axons in the subplate.
(C2 and C2) P5 control (n  2) and mutant (n  2) visual cortex showing normal collateral invasion in control mice ([C2], arrows) but greatly
reduced invasion in mutant ([C2], arrows).
(D1 and D1) P8 control (n  5) and mutant (n  5) retrosplenial cortex showing continued collateral invasion and elaboration in control mice
([D1], arrows) but few invasion in mutant ([D1], arrows). Notice the accumulation of thalamocortical axons in the subplate ([D1 and D1], red
arrowheads).
(D2 and D2) P8 control (n  5) and mutant (n  5) visual cortex showing extensive collateral elaboration into the cortical plate in control mice
([D2], arrows) but significantly reduced invasion and elaboration in mutant (D2). RSC, retrosplenial cortex.
sion into the cortical plate (Figure 6C1, arrows); while visual cortex peaks (Vigers et al., 2000), continued collat-
eral invasion persists in retrosplenial and visual cortexfew mutant collaterals could be found (n  2; Figure
6C1, arrows). Similar results were observed in P5 visual of control mice (n  5; Figure 6D1, arrows, and 6D2,
arrows, respectively). However, in mutant brains, onlycortex (Figures 6C2 and 6C2). In all cases, control lit-
termates had extensive collateral growth into the corti- few collaterals are visible in retrosplenial (Figure 6D1,
arrows) and visual cortex (Figure 6D2). In both controlcal plate (Figure 6C2, arrows), while mutants had ex-
tremely limited collateral projections (Figure 6C2, and mutant littermates, apparent accumulation of thala-
mocortical axons is visible in the subplate of retrosplen-arrows).
At P8, when NT-3 expression in the retrosplenial and ial cortex (Figures 6D1 and 6D1, red arrowheads). To
Neuron
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rule out artifacts of differential labeling, we ensured that
control and mutant mice acquired equal DiI saturation
of all nuclei (AD, AV, AM, LD, and LGN; data not shown).
We examined TrkC mRNA expression in the thalamus
at P7 and found concordance between the sites of re-
ceptor expression and the observed thalamocortical de-
ficiencies (see Supplemental Figure S5 at http://www.
neuron.org/cgi/content/full/36/4/623/DC1). Thus, TrkC
is expressed in thalamic nuclei that project to retrosplen-
ial and visual cortex but not somatosensory cortex. Con-
sistent with this, we saw no evidence of alterations in
the presence or pattern of thalamocortical projections
to somatosensory cortex (data not shown).
Impaired Visual Function in Mutant Mice
To assess the functional consequences of disrupted
geniculocortical projections in NT3flox/flox;Foxg1-Cre or
NT-3flox/flox;GFAP-Cre mice, we studied mouse behavior
in a paradigm for vision, the visual cliff avoidance test
(Lione et al., 1999; Lore and Sawatski, 1969) (see Experi-
mental Procedures for details). The percentage of time
that mice spend in the open side of the box (Figure 7A)is
used as an indicator of visual function impairment. We
selected 6-week-old mice for this test to permit full de-
velopment of the visual system (Antonini et al., 1999;
Gordon and Stryker, 1996). As expected, wild-type mice
hesitate to cross the cliff edge (Figure 7A; left column)
and prefer the covered side of the visual cliff box. In
contrast, mutant mice often crossed the cliff edge with-
out hesitation (Figure 7A; right column) and showed no
preference for either side (Figure 7B; see Supplemental
Movie at http://www.neuron.org/cgi/content/full/36/
4/623/DC1). These data are comparable to results ob-
tained with retinal degeneration (rd) mice, which are
Figure 7. Impaired Visual Function in Mutant Micefunctionally blind due to photoreceptor cells loss (Chang
(A) Sequential pictures of a control mouse (left column) and a mutantet al., 1993). rd mice showed no preference for either
mouse (right column) responding to the open field in visual cliff
side of the box (Figure 7B). Thus, this behavioral assay assay (see Supplemental Movie at http://www.neuron.org/cgi/
is consistent with the anatomical data indicating that content/full/36/4/623/DC1).
geniculocortical connectivity is perturbed in NT-3 mu- (B) Quantitative analysis of the percentage of time spent in open
field. Notice that mutant mice, like rd mice (n  5; 53%  12%),tant mice.
spend equal time on both sides (44%  5%). Control mice (CreNT-3 expression is negligible in lateral geniculate nu-
positive) behave like wild-type (wt, n 7; 25% 7%) mice, spendingcleus, pretectum, and superior colliculus from P0 to
only about 20% of the time on the open side (21%  9%). rd, retinal
adult (Vigers et al., 2000), suggesting that NT-3 does degeneration. n  11 for control and mutants.
not have a role in establishing connections between
these CNS structures and the retina. Consistent with
this, the [3H]-proline tracing experiments indicate that localize extensively to layers 2/3 (Robertson and Kaitz,
retinal projections to lateral geniculate nucleus, pretec- 1981). Much progress has been made in understand-
tum, and superior colliculus are similar in mutant and ing the forces that regulate cortical development and
control mice (Figure 5). To rule out possible additional the sequential and inverse formation of precise layers
abnormalities in the retino-tectal axis that might contrib- (McConnell, 1995). Similar progress has been made in
ute to the reduced visual function in the mutant mice, understanding the embryonic mechanisms that regulate
we examined the retinas from NT3flox/flox;Foxg1-Cre and the formation of thalamic projections to the subplate
NT3flox/flox;GFAP-Cre mice. No difference could be found (Allendoerfer and Shatz, 1994; Braisted et al., 1999;
between control and mutant (n  3) mice as to the Ghosh and Shatz, 1992). Once thalamic neurons are
number, morphology, and alignment of photoreceptors born, they project laterally to the hypothalamic border
(data not shown). where they abruptly turn course to enter the internal
capsule and finally reach the cortical subplate (Braisted
et al., 1999). Each of these steps is apparently governedDiscussion
by specific cues (Bagri et al., 2002; Braisted et al., 1999,
2000). However, the molecular cues that induce theSynaptic connections form between the thalamus and
the cortex with exquisite precision. In visual cortex, tha- timely invasion of the cortical plate and the establish-
ment of precise layer-specific synaptic connectionslamic afferents form synapses mainly with neurons in
layer 4, whereas in retrosplenial cortex, thalamic inputs have remained elusive.
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Figure 8. Diagram Illustrating Thalamocorti-
cal Projections in the Absence of Cortical
NT-3
(A) During development, thalamocortical ax-
ons from distinct thalamic nuclei enter the
subplate and wait for invading signals.
(B) In the presence of NT-3, and possibly
other factors, distinct collaterals invade the
cortical plate and elaborate in respective cor-
tical regions.
(C) Without NT-3, NT-3-dependent thalamo-
cortical axons failed to invade the cortical
plate and finally retract while other thalamo-
cortical axons persist.
The neurotrophins have gained considerable attention length of the subplate neurons in vitro (Allendoerfer et
al., 1994; DeFreitas et al., 2001; McQuillen et al., 2002).in this regard. In the present study, we utilized reverse
genetics to examine the role of NT-3 in cortical develop- Our data indicate that thalamocortical axons reach the
subplate normally in NT-3 cortically deficient mice. Wement. We find that NT-3 is critical for the formation of
specific connections between thalamic nuclei, which also examined the expression of NT-3 pre- and postna-
tally using a -galactosidase knockin reporter mouseexpress TrkC during early postnatal life, and the retro-
splenial and visual cortices, which transiently express (Wilkinson et al., 1996) and found no detectable NT-3
expression in the subplate, subventricular zone, or inter-NT-3 during the critical period (Lein et al., 2000; Tessa-
rollo et al., 1993; Vigers et al., 2000). Our data indicate nal capsule at E14.5, E16.5, P0, P7, and P14 (data not
shown). Based on these criteria, we consider the ob-that this process is not regulated by the classical role
of NT-3 in neuronal survival, as no evidence of neuronal served phenotype to be the direct consequence of loss
of cortical NT-3 expression rather than a secondary re-loss was observed in the relevant thalamic nuclei. In
addition, studies of neonatal animals indicate that thala- sult of subplate neuron defects.
Several studies have noted the function or expressionmic axons were able to progress normally from the thala-
mus to the cortical subplate (see model in Figure 8A), of BDNF, NT4/5, and NT-3 in the visual cortex during
the “critical period” of synaptic strengthening (Cabellialthough reduced synaptic connections resulted. Thus,
NT-3 does not appear to exert distant tropic effects on et al., 1995, 1997; Lein et al., 2000; Vigers et al., 2000).
In addition, slice culture and in vivo experiments havethalamocortical axons. Instead, the defect must lie either
in signaling the invasion of the cortex and/or the elabora- supported a function for neurotrophins in dendritic arbo-
rization, the segregation of ocular dominance columns,tion of dense layer-specific synaptic contacts within ap-
propriate layers (Figure 8B). The anatomic consequence maintenance of thalamic neuronal cell somata, and the
maturation of visual acuity (Bibel and Barde, 2000; Ca-of NT-3 loss is a reduced innervation of the visual and
retrosplenial cortices, which is reflected in the reduction belli et al., 1995, 1997; Cohen-Cory and Fraser, 1995;
Huang et al., 1999; Lom and Cohen-Cory, 1999; McAllis-of mitochondrial activity in these regions.
As outlined in Figure 8C, we consider the likeliest ter et al., 1995, 1996, 1997). Interestingly, the activities
revealed by these studies have been primarily attributedexplanation for these results to reside in an eventual
retraction of thalamic projections rather than inappropri- to TrkB and its ligands, BDNF and NT-4, and not to NT-3
(Katz, 1999). While apparently paradoxical, we considerate projection to alternative cortical regions. Consistent
with this, thalamocortical tracing experiments, including these preceding studies to be congruent with the pres-
ent findings. Disruption or enhancement of TrkB signal-[3H]-proline transneuronal tracing, did not reveal evi-
dence of aberrant projections. ing at the visual cortex in those studies related directly
to the synaptic strengthening of already establishedRecent studies suggest that P75 expressing subplate
neurons are required for the pathfinding of thalamocorti- connections. Our genetic study indicates that for com-
partments of visual cortex and retrosplenial cortex, NT-3cal axons and that NT-3 could enhance the neurite
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fused and fixed with 4% paraformaldehyde (PFA) and then cut intolikely acts at an earlier developmental stage when thala-
50 m sections with a vibrotome. The sections were then stainedmocortical projections are instructed to invade the cor-
in a solution containing 2 mM MgCl2, 40 mg/ml X-gal, 5 mM potas-tex and/or establish initial connections. We therefore
sium ferri/ferrocyanide in 1 PBS at 37	C overnight, as described
propose that thalamic axon development of these corti- previously (Ma et al., 2000).
cal regions is regulated by a sequential set of events
that depend first on NT-3 activity and later on BDNF DiI Tracing
DiI filters were prepared by soaking nylon membranes (Hybond-N,and/or NT4 activity.
Amersham) with 2.5 mg/ml DiI (Molecular Probes) solution in N,N-Thalamocortical deficiencies were found in only a sub-
dimethylformamide (Sigma). The filters were then dried, cut into 0.5set of cortical areas, which correspond with specific
mm square pieces, and inserted in parallel into the whole thalamusthalamic targeting and TrkC expression, coupled with
with no distinction of specific thalamic nuclei. Brain tissues were
specific cortical NT-3 expression during early postnatal then incubated in 4% paraformaldehyde, 1 PBS at 37	C in the
life. We consider it likely that additional thalamocortical dark for 4 weeks (P0), 5 weeks (P3–P8) or 6 weeks (adult). The brains
were then cut into 100 m sections with a vibrotome and visualizeddeficiencies may exist in these mice, corresponding to
using fluorescence microscopy.additional sites of thalamic TrkC and cortical NT-3 ex-
pression. A broader question arises that relates to unaf-
Biotinylated Dextran Amine and Horseradishfected thalamocortical projections in cortical NT-3-defi-
Peroxidase Tracing
cient mice. One compelling possibility is that other Anesthetized adult mice (9 vol ketamine:1 vol xylazine, 1:1 in H2O)
neurotrophins, such as NGF, BDNF, and NT-4, may me- received unilateral stereotaxic injections of 10% biotinylated dex-
diate similar functions. Studies are underway to con- tran amine (BDA; Molecular Probes) directly into the retrosplenial
cortex, visual cortex, sensorimotor cortex, and somatosensory cor-sider this hypothesis.
tex, or 20% horseradish peroxidase (HRP) type 4 (Sigma) directlyThe anatomic consequences of loss of cortical NT-3
into the ventral posterior thalamic nucleus using a glass micropi-are reduced thalamocortical synaptic interactions. In
pette attached to a Nanoject injector (World Precision Instruments).
the visual cortex, we can assess the behavioral sequel, The identification of cortical regions or thalamic nuclei is based on
which is one of relative cortical blindness. Cortical blind- Franklin and Paxinos (1997). After 5 days, mice were perfused with
ness could be caused by defects of any portion of the 4% paraformaldehyde. Brains and spinal cords were postfixed and
sectioned at 50 m using a vibratome. Sections were then devel-visual pathway following the lateral geniculate nucleus
oped immunohistochemically for BDA or HRP signals as described(Aldrich et al., 1987; Baker-Nobles and Rutherford, 1995;
(Yokoyama et al., 2001). Neuronal counting was performed usingBirch and Bane, 1991; Wong, 1991). The thalamocor-
a double-blind protocol. Two-tailed student’s t test was used to
tical projection defects of NT3flox/flox;Foxg1-Cre and determine the difference between two groups of data.
NT3flox/flox;GFAP-Cre mice fit into this definition. The pre-
cise molecular interactions that are affected by NT-3 [3H]-Proline Transneuronal Tracing
loss remain to be defined. Although neurotrophins can Monocular injections of [3H]-proline (2 l containing 0.14 mCi, con-
centrated from NEN Cat. NET483) were made into 40-day-old mice.regulate the dendritic arborization of neurons (McAllister
The mice were allowed to survive for 5 more days before sacrifice.et al., 1995, 1997), as assessed by Cox-Golgi staining,
4% paraformaldehyde fixed mouse brains were sectioned at 50 mwe saw no overt changes in the arrangement or arboriza-
with a vibratome, mounted onto slides, and processed for autoradi-
tion of dendrites among neurons in the visual or retro- ography using Kodak emulsion. The slides were exposed for 2–3
splenial cortices of the mutant mice (data not shown). months and were then developed and fixed using Kodak Developer
However, developmental analysis consistently revealed D-19 and Fixer (Kodak). Dark field pictures were then taken under
the same exposure, and silver particle intensity (histogram) wasdeficient collateralization of subcortical axons into the
quantified using Adobe Photoshop 5.5 software (Adobe). We calcu-retrosplenial and visual cortices, respectively. These
lated the relative intensity of labeling by normalizing pixel intensityfindings are most consistent with short distance tropic
of visual cortex to that of the LGN from the same sections.
defects. Additional, more detailed examination will be
required to assess this properly. These mice should Visual Cliff Avoidance
prove valuable in the understanding of genetic events Visual cliff avoidance was tested in an open-topped box (60  60
that integrate peripheral sensory information in the cm square  30 cm high) as previously reported (Lione et al., 1999;
Lore and Sawatski, 1969) with minor modifications. The four wallscortex.
of the box were made from white plywood, and the base was made
from clear Perspex. The box was positioned on the edge of a labora-Experimental Procedures
tory bench so that half of the base sat directly on the bench (“bench
side”), while the other half was suspended 1 m above the floorSouthern Blot and RNase Protection Assay
(“open side”), thus creating a visual cliff. Mice were placed in theSouthern blots were performed as described (Ma et al., 1999). RNase
middle of the base at the edge of the cliff, and their activity wasprotection assays were performed as described using the HybSpeed
recorded for 5 min using a video camera. Representative results ofRPA kit (Ambion). The probe for NT-3 was a 650 base 32P-labeled
the video movie are attached as a file of Quick Time Player. Theantisense RNA covering a sequence from ATG to a SmaI site of the
videos were subsequently analyzed to measure the percentage ofmouse NT-3 cDNA.
time each mouse spent in the open side of the box.
Immunohistochemistry and -Galactosidase Staining
Immunohistochemistry was performed as described (Zhu et al., Acknowledgments
2001) using the following antibodies and dilutions: rabbit anti-calbin-
din (1:1000), rabbit anti-parvalbumin (1:1000), rabbit anti-GFAP We thank Dr. Hideshi Shibata for helpful suggestions on the identifi-
cation of different thalamic nuclei. Yijia Chen, Yajuan Liu, Penny(1:500), monoclonal NeuN (1:500), monoclonal anti-MBP (1:500), and
rabbit anti-NF200 (1:1000). For fluorescence double labeling, sec- Houston, Steven McKinnon, Tingwan Sun, and Ari Nandi provided
excellent animal husbandry and technical support. We thank mem-ondary antibodies (1:400) labeled with either Cy2 or Cy3 fluorescent
modules (Jackson Laboratory) were used to reveal the different bers of the Parada Lab for helpful discussions, particularly Yuan
Zhu, Mark Lush, Lei Lei, and Steve Kernie. We thank Albee Messingprimary antibodies.
For -galactosidase staining, P0 or adult mice brains were per- for providing GFAP-Cre mice. L.F.P. is supported by the NINDS and
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